The aim of our study was to explore whether honeybees (Apis mellifera L.) could be used as a reliable alternative to the standard mechanical devices for monitoring of air quality, in particular with respect to the concentration of the heavy metals cadmium (Cd), lead (Pb) and vanadium (V). We therefore tested whether the concentrations of these metals in adult honeybees and in ambient air were positively correlated, and whether differences in concentration between locations were similar for bees and air. On the basis of our measurements, conducted over a two-month period at three distinct locations in the Netherlands with each three replicate honeybee colonies placed next to mechanical monitoring devices, we concluded that a significant positive relationship between the concentrations in bees and in air could only be established for V. Also, only in the case of V, the differences between the three locations in mean concentration were similar for bees and air. Both outcomes were probably due to the relatively large range over which the concentrations of V varied, both in bees and in air, as compared to Cd and Pb. However, for V, as well as for Cd and Pb, the concentrations in ambient air were about two orders of magnitude below the established air quality standards. We therefore conclude that in the Netherlands, both variation and levels of the atmospheric concentrations of these metals are too low to establish a relationship between the concentration in bees and in air that is useful to present honeybees as an alternative to mechanical devices in monitoring of air pollution. However, in countries with larger variation and higher levels of the atmospheric concentrations of these metals, further exploration of the potential of honeybees in biomonitoring of air pollution may be worthwhile. 
Introduction
Honeybees (Apis mellifera L.) are potentially highly useful to monitor environmental pollution, given their worldwide usage for honey production and pollination and their wide-ranging foraging behavior [1] [2] . Not surprisingly, studies on the use of honeybees and bee products for environmental monitoring have a relatively long history, dating back to at least 1935 [3] . Environmental pollutants included in these studies were, among others, heavy metals, which the bees may take up from all environmental compartments: vegetation, soil, air and water [4] - [8] . A recent study by Van der Steen [9] indicated that adult honeybees can serve to detect temporal and spatial patterns in environmental concentrations of a wide range of heavy metals. For seven of the metals included in their study, viz., arsenic (As), cadmium (Cd), chromium (Cr), manganese (Mn), nickel (Ni), lead (Pb) and vanadium (V), air quality standards have been established by national, European and international authorities [10] - [12] . The standards concern Maximum Tolerated Risk (MTR) values for the concentrations of these metals in the air, and aim to prevent adverse effects on human health from air pollution. In the Netherlands, a country-wide air quality monitoring system is in place, using fixed-point mechanical monitoring devices to assess whether air quality standards are met [13] .
The aim of the study we report here, was to explore whether adult honeybees could be used as a reliable alternative to the standard mechanical monitoring devices to assess significant changes in the concentration of heavy metals in the air and to detect possible exceeding of MTR values. To that end, we designed an experiment in which bee colonies were placed side-by-side with mechanical monitoring devices at various locations over a prolonged period, during which regular samples were taken from bees and air and analyzed for heavy metals. We considered that bees would be a reliable alternative in the case of the metal concentrations found in bees and in air which would positively correlate, and when possible significant differences in concentration between locations would be similar for bees and air. In contrast to Balestra et al. [14] who studied honey, pollen and bee larvae, we chose to study the metal concentrations in adult worker bees as these are considered to provide more sensitive, reliable and up-to-date information about exposure of bees to metals in the environment than metal concentrations in pollen, honey and larvae [4] [7] [8] [15] - [17] . We report here the results for the heavy metals Cd, Pb and V. The heavy metals As, Cr, Mn, and Ni are not included, because these metals either occur in relatively high natural concentrations in bee food sources such as pollen [18] , or occur in commonly used components of beehives [9] .
Materials and Methods
At three distinct locations in the Netherlands, honeybee colonies were placed next to standard air quality monitoring devices. Each honeybee colony was sampled four times over a two-month period. The concentrations of metals (Cd, Pb and V) in the sampled honeybees were compared with the concentrations of these metals in the air as determined with the standard monitoring devices. Per metal, statistical analyses were conducted to assess the relationship between the concentrations in honeybees and in air.
Study Locations
Location Maastricht, Limburglaan. Maastricht is an urban area with cement industry and glass industry, and is located close to large industrial areas such as Liège in Belgium. The honeybee colonies were placed near the city centre, on the roof of the provincial environmental research laboratory.
Location Buggenum, Dorpstraat. Buggenum is a village in a rural area about 60 kilometres north of Maastricht. In Buggenum bricks are produced and a large electric power plant is situated next to the village. This plant is powered by coal, natural gas and biomass.
Location Hoek van Holland, Prins Hendrikstraat. Hoek van Holland is situated in the Rijnmond region at the river mouth of the Nieuwe Waterweg, at the North Sea coast. The Rijnmond region includes the port of Rotter-dam and a large industrial area where, among others, petrochemical industry, tank storage and tank transfer, and waste treatment plants are situated.
Honeybee Sampling Method
Honeybee (Apis mellifera) colonies were kept from winter till summer in the same apiary in Wageningen (The Netherlands) until distribution over the three locations. At each location, three honeybee colonies (replicates) were placed. The colonies were kept in one-storey wooden hives with ten frames (Simplex measures NEN 061-50). This is the most common, commercially used type of hive in the Netherlands. Each honeybee colony was sampled four times with 14-day intervals during a two-month period (7 July-1 September 2006). A random sample of 100 to 150 worker honeybees was taken from the first frame next to the brood nest that was occupied with bees but without brood. Hive bees were sampled rather than forager bees from the flight entrance as this is much more practical and forager bees constitute a stable fraction of the bees on the sampled frames [19] . Bees sampling was done by brushing bees with a plastic brush into a plastic container. The samples were transported in a cooler box and stored in the freezer at −20˚C ± 5˚C until analysis.
Measurement of Metal Concentrations in Bees
From each sample (i.e., from each combination of colony, sampling date and location), 25 frozen worker bees were taken at random. The bees were subsequently weighed, dried during 24 hours at 120˚C, weighed, and destructed by boiling the sample at 170˚C in a mixture of 25 ml HNO 3 (70%) and HCl (37%) at a ratio of 1:3 (aqua regia). The resulting liquid was topped up to 50 ml with demi-water. The chemical analyses on metals were carried out by the environmental research laboratory of the Province of Limburg (The Netherlands), using the inductive coupled plasma-atomic emission spectrometry (ICP-AES) technique. Five milliliters of the 50 ml was filtered over a cotton wool filter and analyzed using ICP-AES. The measured metal concentrations (ng•mL •dm bee (ppb) with a conversion factor (volume sample/(weight bees × mean percentage dry weight)), resulting in ppb metal in dry weight which was subsequently converted to micrograms per gram dry material bee (µg•g −1
•dm). The overall weight loss of the bee samples as a result of the drying process was 68%.
Measurement of Metal Concentrations in Air
At Maastricht and Buggenum, measurements of the atmospheric concentration of the metals were taken daily with fixed mechanical monitoring devices operated by the provincial environmental and water research service (Hoofdgroep Milieu en Water, Bureau Onderzoek en Advies, Provincie Limburg). The devices are high volume air samplers, which press 680 m 3 air through glass-fibre filters in 24 hours. At Hoek van Holland, the measurements were taken at six-day intervals with a fixed monitoring device operated by the regional environmental management service (Dienst Centraal Milieubeheer Rijnmond, DCMR). Here, the device is a high volume air sampler, which presses 668 m 3 air through quartz filters in 24 hours. The filters were analysed for the metals in the laboratory using the same technique as for the bee samples (ICP-AES). The concentrations of heavy metals in the air were expressed in nanograms per m −3 (ng•m −3 ) air.
Statistical Analyses
The aim of the statistical analyses was to assess for each metal the relationship between the concentrations in honeybees and in air. The analyses were performed in Genstat 16 ed . In a first analysis, the relationship between the concentration of a metal in honeybees (µg•g was assessed with logarithmic regression. For the analysis, the metal concentration in bees was calculated as the average value of the three bee colonies (replicates) per location and sampling date, and the metal concentration in the air was calculated as the average of all air samples taken during the 14-day period preceding the sampling of the bees. All averages of concentration data were calculated by log-transformation of the raw data followed by back-transformation of the average of the log-transformed data. The regression analysis was conducted per metal, with concentration in bees as the dependent factor and concentration in air as the independent factor. The data of the four sampling times and three locations were pooled on the assumption that the relationship between the metal concentration in bees and air should be independent of time and place to be useful in biomonitoring.
The data were checked for significant outliers with Grubbs' test (alpha = 0.05) and analyses were conducted with and without outliers. As outliers did not affect the conclusions, we did not exclude outliers from the data and analyses. A second analysis concerned the correspondence in spatial variation between the metal concentrations in honeybees and air. Per metal, a Generalized Linear Mixed Model (GLMM) analysis was done assuming a lognormal distribution of the concentration data. Spatial differences in concentration were assessed separately for honeybees and air, by comparing, between locations, the mean values of all measurements during the entire two-month study period. Differences in concentrations between locations were considered significant at P values ≤ 0.05, using Tukey's Multiple Comparisons test.
Results and Discussion
Regression analysis of pooled data (covering four sampling times and three locations) yielded a highly significant, positive relationship between the concentration of V in honeybees and in air. Another highly significant, but negative relationship was found between the concentration of Cd in honeybees and in air. No significant relationship was found between the concentration of Pb in honeybees and in air. For the significant relationships, the regression lines are included in Figure 1 and the corresponding regression equations and other statistics are presented in Table 1 .
The correspondence in spatial variation between the metal concentrations in honeybees and air was tested. Table 2 presents the results of the analyses of spatial variation in the metal concentrations, for honeybees and air. In honeybees, significant differences in concentration between locations were found for Cd as well as for V. In air, the mean concentrations over the entire two-month study period of Cd, Pb and V, differed significantly between the three locations. Only in the case of V, there was correspondence in spatial variation between the metal concentrations in honeybees and air, with significantly higher concentrations in Hoek van Holland than in Maastricht and Buggenum. In the case of Cd, there was no correspondence in spatial variation between the metal concentrations in honeybees and air. For honeybees, the highest Cd concentrations were found in Buggenum, whereas for air, the lowest Cd concentrations were found there.
The concentrations of Cd, Pb and V measured in honeybees and air over the test period are presented in Figure 2 separately for the three study locations.
On the basis of our measurements, conducted at three distinct locations in the Netherlands over a two-month period, a significant positive relationship between the concentrations in bees and in air could only be established for vanadium (Table 2) . Also, only in the case of vanadium, the differences between the three locations in mean concentration were similar for bees and air ( Table 2) . Both outcomes are probably due to the relatively large range over which the concentrations of V varied, both in bees and in air, as compared to Cd and Pb. For V, measured concentrations differed by 1 -2 orders of magnitude, whereas for Cd and Pb this was less than one order of magnitude (Figure 1, Table 1) . The larger the variation in measured concentrations, the higher the probability to detect significant, meaningful relationships.
With regard to the potential of honeybees in biomonitoring of air pollution by heavy metals the results for V are promising. However, the concentrations of V in air measured in our study were about two orders of magni-tude below the air quality standard for V (1000 ng•m −3 ) [13] , and extrapolation of a statistical relationship beyond the range over which it is established is not allowed. To warrant a conclusion on the reliability of honeybee biomonitoring as an alternative to the standard mechanical monitoring, the positive relationship found between the concentrations of V in bees and in air, should thus also be tested for situations in which the concentration of V in air exceeds 1000 ng•m −3 . For Cd and Pb, our results seem to indicate that there is no potential for honeybees in biomonitoring of air pollution by these heavy metals. As indicated above, however, this may be due to the limited range over which the concentrations of Cd and Pb varied in our study. The work of Bromenshenk et al. [20] points in this direction. They found that the concentrations of Cd and Pb in weekly sampled worker bees were significantly and positively correlated with the concentrations in air during the same period. Unfortunately, Bromenshenk et al. [20] did not present measurement data or any other quantitative results, but, as they located the bee colonies and air sampler near a lead smelting complex, the concentrations of Cd and Pb in the air were presumably high. In our study, the concentrations of Cd and Pb in air were relatively low and, as for V, about two orders of magnitude below the air quality standards (5 ng•m −3 for Cd and 500 ng•m −3 for Pb) [13] . Thus, also for Cd and Pb, further testing of the relationship between the concentrations in bees and in air should be done under conditions with more variation and concentration levels exceeding the MTR values.
Conclusion
Our results indicate that in the Netherlands, both variation and levels of the atmospheric concentrations of these metals are too low to establish a useful relationship between the concentration in bees and in air. Under these conditions, bees cannot be used as a reliable alternative to the current system in place to meet legal monitoring requirements. However, our results positively indicate for V, and do not exclude for Cd and Pb, that a relationship between the concentrations in bees and in air can be established and applied for biomonitoring purposes. This should be done under conditions of relatively high variation, with atmospheric concentrations of these metals differed by several orders of magnitude, and maximum levels exceeding the MTR values. In countries where these conditions apply, we consider further exploration of the potential of honeybees as an alternative to the establishment of a costly mechanical monitoring network worthwhile.
